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As part of an on going High Cycle Fatigue program related to gas turbine engines, 
which is sponsored jointly by the Naval Air Systems Command and the Air Force, 
unsteady strain gauge measurements were made on a 37.5 inch diameter titanium rotor in 
the Naval Postgraduate School, Turbopropulsion Laboratory vacuum spin pit.  Vibratory 
excitation was produced by a number of evenly spaced magnets positioned around the 
rotor perimeter, which generated eddy currents in the blades and associated magnetic 
forces on the blade tips.  A critical heating problem was experienced in initial tests, and 
instrumentation to monitor temperature of the metal passing within the magnetic field 
was installed.  The first five runs following rework are reported.  Correlations were made 
between temperature effects, magnet position, sweep rate, resonance amplitudes, and 
resonance frequency.  An extensive evaluation was also performed of the strain data 
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The current situation of shrinking defense budgets and expanding military 
operations has required the uniformed services to expand the life of existing weapons 
systems, while simultaneously reducing operational costs.  For the Naval Aviation 
community, this involves continuing maintenance of the fleet of ageing aircraft.  Few 
aircraft are being purchased and existing ones are forced to operate to their design fatigue 
lives and beyond.  The military is thus faced with the engineering problem of how to 
extend the fatigue life of aircraft components, while still maintaining reliability and 
safety in operations. 
For military jet engines, one of the primary causes of engine removal is 
compressor and turbine blade cracking due to high cycle fatigue (HCF).  It is both costly 
and technically difficult to evaluate the fatigue life of blades while mounted in the engine 
during a full system test.  To this end, the Naval Air Systems Command (NAVAIR) has 
commissioned the Naval Postgraduate School (NPS) Turbopropulsion Laboratory (TPL) 
to develop HCF spin-test techniques for full-scale turbine and compressor rotors [Ref 1].  
Following exploration testing with small rotors [Ref 2], an engine-scale test program was 
completed using a 22.5-inch diameter, 58-blade Pratt & Whitney XTE-66 second stage 
turbine rotor [Ref 3].  Testing was completed in February, 2002 and the development of 
measurement techniques was reported in the thesis of Mansisidor [Ref 4].  Compressor 
rotor testing was initiated in March of 2002, using a  37.5 inch diameter 20 bladed fan 
rotor and is the subject of the present work.   
Predicting the high cycle fatigue life of air breathing engine components presents  
challenges.  Rotating machinery is subject to resonant vibrations that can be amplified to 
a degree that crack initiation and growth can occur.   The natural frequencies at which 
these resonances take place must therefore be determined and the magnitude of the 
response must be correlated to the accompanying forcing function.   The goal of the 
present study was to determine the natural frequencies of the rotor blades and 
subsequently excite specific modes to resonance in the NPS spin pit.  The desired 
magnitude of the resonant unsteady stresses was 60,000 psi peak to peak, and the ability 
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to produce such levels using magnetic “eddy current excitation” (ECE), was to be 
assessed.  Data was measured using both axial and rosette strain gauges, and were 
acquired and reduced using two different software packages.  In documenting for the 
work, the facility, test article and instrumentation are described in Chapter 2.  The 
occurrence of blade-tip melting in the initial tests, and the subsequent rework and the re-
instrumentation are reviewed in Chapter 3.  A successful series of test is reported in 
Chapter 4 and the results are discussed in Chapter 5.  Preliminary conclusions and 
recommendations are given in Chapter 6, in what is a continuing study.  Details of tap 
and bowing tests to determine the blade modal behavior, and procedures to set up and 





II. FACILITY DESCRIPTION AND TEST PROCEDURE 
A. SPIN PIT 
The NPS/TPL Rotor Spin Research Facility spin pit test chamber is 63 inches in 
diameter and approximately three feet deep.  A view of the facility is shown in Figure 1.  
The test chamber is lined with 10 inches of steel and 4 inches of lead brick, and sits 
below ground level.  The test rotor is hung by a spindle to an air-drive turbine mounted in 
the lid. The pit can be evacuated to a vacuum of about 300 millitorr.  The rotor drive 
system is powered by compressed air and can be run continuously, using either manual or 
automatic controls.  Details of the construction and capability of the facility are given in 
Ref 1.   
 
Figure 1 NPS Spin Pit 
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B. TEST ARTICLE & EXCITATION 
The rotor used for the compressor strain tests was a 37.5 inch diameter titanium 
fan with 20 blades. Figure 2 shows the rotor mounted in the spin pit with four laser light 
probes mounted outside the perimeter.  Also visible under the rotor is the ECE system.  
The system consisted of a main mounting ring with three electrically actuated motors 
spaced at 120 degree intervals around the circumference.  A second ring of 22 magnets 
was mounted to the actuators.  The magnets could be raised or lowered to vary the 
magnetic force which acts to excite the rotor blades.  The four light probes mounted to 
the fixed ring measured blade tip deflection based on time of arrival (TOA) analysis.  
(These instruments were not part of the present study, and are not reported).  The main 
mounting ring was mounted to the lid, which could be raised or lowered by an electrical 
pulley system.  Five single strain gauges were installed on the leading edge tip of blade 1 
and one on the trailing edge tip.  Blades 8 and 14 both had a rosette strain gauge on the 
leading edge tip with a single gauge on the trailing edge.  These blades also had 3 
Resistance Temperature Detectors (RTDs) spaced evenly along the leading edge.  Figure 
3 and 0 show the gauge placements.   
 
Figure 2 37.5 Inch Titanium Rotor 
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A QAT 50-channel slip-ring was used to bring strain and RTD signals from the 
rotor to the data acquisition system (DAS).  The high-speed DAS consisted of a Hewlett 
Packard E8404A VXI Mainframe controlled by a PC through a ‘Firewire’ interface.  The 
strain gauge signals were input to a Hewlett Packard E1529 Signal Conditioner, which 
output real-time analog voltages to digitizers in the E8404A. 
The E8404A contained four modules:  the HP E1433A, the Agilent E1433B, , the 
HPE1422 and the Agilent N2216A.  The E1422 was the interface between the mainframe 
and the HP E1529.  The 1433A and 1433B were 8-channel digital signal processors 
(DSP), simultaneously converting signals from analog to digital.  The N2216A served as 
the hard drive data storage device for the digitized data.  
The HP E1529 signal conditioner provided Wheatstone Bridges [Ref 5.] for the 
measured strain gauges.   The user had the choice of  ¼, ½ and a full bridge, depending 
on gauge arrangement.  The strain gauges used on the spin pit test article were two-wire 
gauges and utilized quarter bridges exclusively.  Each strain gauge used one channel on 
the E1529 for a total of 14 channels.  For blade 1, the gauge channels correspond to the 
numbers shown in Figure 3, with the trailing edge gauge connected through channel 6.  
Channels for blades 8 and 14 correspond to the numbered strain gauges shown in Figure 
5, where the rosette gauges were recorded as three separate axial strain gauges.  Gauges 
(also channels) 10 and 14 were the trailing edge axial gauges.  Figure 6 shows both the 
VXI mainframe with its component modules, as well as the signal conditioner with the 
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Figure 5 Strain Gauge Numbering Layout for Blades 8 and 14 
 
Figure 6 Top, VXI E8404 Mainframe; Bottom, HP E1529 Signal Conditioner 
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The Agilent VEE Graphical Programming Environment was used to set the 
E1529 circuitry for the appropriate quarter bridges for 120-ohm 2-wire gauges.  Since 
data were not digitized through VEE, the range and sensitivity inputs were not used, and 
the program consisted of a few command lines.  Real-time data acquisition used the Data 
Physics Corporation software, Signal Calc 620, which addressed the DSP’s, converted 
voltages to strains and plotted the strain magnitude in various domains, such as time, 
frequency and RPM order.  Waterfall plots were included which gave 3-dimensional 
displays of the strain magnitude versus order and RPM.  Figure 7 shows an example of a 
Signal Calc 620 waterfall display, from the order analysis option. 




Online order analysis in the form of a waterfall plot is critical to analyzing sweep 
measurements as it shows the presence of unexpected resonance and displays the Fourier 
harmonic wave breakdowns calculated by the software’s FFT function [Ref 6.].  A 
complete description of the operation of Signal Calc 620 can be found in Appendix F.  
Strain gauge data acquisition was also carried out using Hewlett Packard’s DAC Express 
software.  This package performed many of the same acquisition functions as Signal 
Calc, but could not perform order analysis, or provide waterfall displays.  In the present 
tests it was used to obtain independent strain measurements for verification purposes.  
Figure 8 shows the output screen for DAC Express.  Order analysis of DAC Express data 
was carried out post-test, using Hood Technology Corporation Matlab software 
“sdfgage6”.  This method did not produce waterfall displays.  
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Figure 8 Hewlett Packard’s DAC Express Strain Gauge Software 
Blade temperatures were measured using two methods: Resistance Temperature 
Detection (RTD) and Infrared photodetection.  RTDs were used to measure temperature 
in a similar manner to the way that strain gauges are used to measure strain.  While the 
RTD looks like, and is applied like a strain gauge, the change in resistance of the RTD is 
used to infer the temperature.  For the titanium rotor, 6 RTDs were placed on the tips of 
blades 8 and 14.  The RTDs used were the Micro-Measurements WTG Series 
Temperature gauges, with a resistance of 50.0 ohms +/- .3% at 75 degrees F.  The 
infrared probe used was the Vigo Systems PDI-2TE-6 Photovoltaic detector, which had a 
response time of less than 10 nanoseconds.  The detector was mounted on two 
thermoelectrically cooled Peltier pads, which were in turn mounted on gold and copper 
heat sinks.  Figure 9 shows a view of the IR probe mounted beneath the rotor.  The 
maximum allowable temperature for both the RTD and the strain gauges was 500 deg F 
because of the adhesive used to attach them.  The maximum permitted to date in the 
program was 400 deg F.  The maximum (steady) temperature of the IR probe was also 
400 deg F, although it could receive radiation from a much hotter surface.  The six RTD’s 
were monitored using an Agilent VEE graphical program to control a separate VXI 
scanning DAS.  The IR probe was calibrated to the RTD as a standard, and the output 
was monitored on an Agilent Infinium Oscilloscope.  
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III. INITIAL TESTING SUMMARY 
A. OVERVIEW 
In February of 2002, the testing program of the 37.5 inch rotor was initiated.  The 
original instrumentation was based on the rotor manufacturer’s recommendations.  These 
blades had two strain gauges located near the leading edge tip, with one gauge on each 
side.  One blade had two RTDs located at 90% and 20% of the span respectively.  A slow 
response infrared probe was also used to display peripherally averaged temperatures at 
the trailing edge tips. Two light probes were incorporated to measure time of arrival 
information. 
Five tests were conducted between 21 February and 27 March.  The first four tests 
were performed with no magnetic (eddy current) excitation.  Four of the six strain gauges 
were lost (it is thought) due to centrifugal forces on the extension leads.  The fifth and 
last test was performed with applied magnetic force.  The magnet gap was varied from 
2.25 inches to .25 inches over 5 sweeps.    The last two strain gauges were lost on the first 
sweep.  During sweep five, which had a magnet gap of .25 inches, the light probe signals 
were also lost.  Subsequent inspection revealed that the tips of the blades had melted.  
Debris from the tips broke away and had damaged the light probes and damaged the pit 
cooling system.  Figure 10 shows the test article setup and condition after the damage had 
occurred.  It is noted that the readings monitored by the RTD’s and IR probe were 
considered to be acceptable during the sweeps. 
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Figure 10 Test article after tip melting 
 
B. SUBSEQUENT ANALYSIS  
From an examination of the blade tips, and after reviewing the temperature 
measurements and times involved in conducting the sweeps, it was concluded that the 
primary cause of the melting of the blade tips was the extremely low thermal conductivity 
in the titanium blade material.  The close proximity of the magnets to the blades during 
the final sweep, generated heating faster than it could escape through the very thin blade 
section, and the higher temperatures could not be sensed by the installed instrumentation.  





=   . 
By contrast, a highly conductive material such as silver has a value of 242.  When the 
conducting blade passes through the magnetic flux field of the magnets, the eddy current 
generates heat due to the resistivity of the material.  A material with low thermal 
conductivity cannot dissipate this thermal energy throughout the blade and will 
progressively increase in temperature where the heat is generated.  In the present case, the 
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lack of conductivity isolated the high temperatures to the area of excitation, which was 
the leading edge tip.  It is for this reason that the RTDs did not register unusual readings, 
as they were not located at the tip.  Surprisingly, the local temperature must have 
exceeded 3100 deg F, the melting temperature for titanium.  Likewise, since the infrared 
probe averaged the temperatures over the entire periphery,  it also did not indicate 
unusual readings.   
C. BLADE MODIFICATIONS 
The presence of discoloration due to heating significantly reduces the strength of 
the titanium.  To avoid uncertainty, the affected areas were therefore removed.  Figure 11 
shows a view of the discoloration pattern on a blade that did not melt, with line marks for 
possible tip cuts.  The longer line was chosen for the cut since it completely eliminated 
the discoloration.  Figure 12 shows the template used for the tip cuts, one cut blade and 
an example of a fully blended blade tip. 
 




Figure 12 Modified Blades with Template 
 
To evaluate alterations in the mode shapes and natural frequencies, both a tap test 
and a bow test were performed and compared to the original results.  The analysis for 
these tests are given in Appendix C and Appendix D.  RTD placement was revised to 
select stations within the high heating area of the tips. Strain gauge placement was 
modified to position the gauges at the new maximum strain locations determined by the 
tap test.  The analysis of the maximum strains and strain gauge placement can be found in 










IV. TEST PROGRAM AND PROCEDURES 
 
The initial program of tests, following the rotor rework and re-instrumentation is 
shown in Table 1. Sweep range was determined by bracketing the resonant RPM 
corresponding to the targeted natural mode at the targeted engine order. Each sweep was 
accomplished by first evacuating the spin chamber, then accelerating the rotor to the 
upper level of the target RPM range.  Temperature was monitored with VEE software, 
which displayed six RTD temperatures as a strip chart.  Temperature was also measured 
using the infrared probe, which tracked the peak heating in the center of the magnetic 
field, located between the RTDs 2 and 5.   
Once the rotor speed was stable at the upper RPM and the temperature readings 
were indicating properly, the magnets were raised to the target gap distance.  Strain gauge 
measurements were recorded with either the Data Physics Signal Calc 620 software or 
with the Hewlett Packard DAC Express software.  (Time of arrival deflection 
measurements were concurrently recorded with Hood Technologies NSMS Matlab-based 
software).  Magnet gap was maintained throughout the intended sweep range or until the 
RTD temperature exceeded the allowable limit of 400 degrees F.  When the recording 
was stopped, the magnets were lowered (to a 2.5 inch gap).  Between sweeps, the RTD’s 



























22-Aug 211 1 1.35 7.0-6.2 4659/6354 2394/6529 NA Scalc 822.1
2 1.05 7.0-6.2 4659/6354 2394/6529 NA Scalc 822.2
3 1.05 2.6-2.0 1647/2245 856/2334 NA Scalc 822.3
23-Aug 212 1 0.55 2.6-2.0 1647/2245 856/2334 NA Scalc 823.1
2 1.05 4.9-4.4 3544/4833 1704/4648 NA Scalc 823.2
3 0.55 4.9-4.4 3544/4833 1704/4648 NA Scalc 823.3
4 0.55 4.65-4.4 3334/4546 1704/4648 NA Scalc 823.4
5 0.55 4.65-4.4 3334/4546 1704/4648 NA DAC
6 0.8 6.8-6.54 4928/6720 2394/6529 NA Scalc 823.5
7 0.8 6.8-6.54 4928/6720 2394/6529 NA Scalc 823.6
27-Aug 213 1 0.8 5.0-4.6 3544/4833 1704/4648 NA Scalc 827.1
2 0.8 5.4-5.0 3822/5212 1941/5294 NA Scalc 827.2
3 0.8 3.4-3.0 2399/3271 NA NA Scalc 827.3
4 0.8 5.4-5.0 3822/5212 1941/5294 NA DAC
5 0.8 5.0-4.6 3544/4833 1704/4648 NA DAC
6 0.8 3.4-3.0 2399/3271 NA NA Scalc 827.3
28-Aug 214 1 0.8 5.4-5.0 3822/5212 1941/5294 NA Scalc 828.1
2 0.8 5.3-5.2 3822/5212 NA NA Scalc 828.2
3 0.8 5.4-5.0 3822/5212 1941/5294 NA Scalc 827.3
4 0.8 5.3-5.2 3822/5212 NA NA DAC
5 0.8 6.55-6.44 NA 2399/6542 NA DAC
6 0.8 3.9-3.7 NA 1397/3810 NA DAC
7 0.8 2.45-2.2 1704/2324 856/2334 NA DAC
29-Aug 215 1 0.8 6.56-6.54 NA 2399/6542 NA DAC
2 0.8 6.56-6.54 NA 2399/6542 NA DAC
3 0.8 6.56-6.54 NA 2399/6542 NA DAC
4 0.8 6.56-6.54 NA 2399/6542 NA DAC
5 0.8 6.56-6.54 NA 2399/6542 NA DAC
6 1.05 6.5-6.48 NA 2399/6542 NA DAC
7 1.05 6.56-6.54 NA 2399/6542 NA DAC
8 1.05 5.21-5.18 3822/5212 NA NA DAC
4-Sep 216 1 0.55 2.45-2.28 1704/2324 856/2334 NA Scalc 94.1
2 0.55 2.45-2.28 1704/2324 856/2334 NA DAC
5-Sep 217 1 0.55 6.52-6.4 NA NA 856/6420 DAC
2 0.8 6.52-6.38 NA NA 856/6420 DAC
3 0.65 6.48-6.38 NA NA 856/6420 DAC
218 1 0.55 6.52-6.4 NA NA 856/6420 Scalc 95.1
2 0.8 6.52-6.38 NA NA 856/6420 Scalc 95.2
3 0.65 6.52-6.38 NA NA 856/6420 Scalc 95.3




V. RESULTS AND DISCUSION 
The results of strain gauge measurements from the tests displayed in Table 1 were 
in one of two formats;  Data Physics Signal Calc 620 or Hewlett Packard DAC 
Express/Hood sdfgage6.  SC620 displayed the results of order analysis immediately in 
the form of a waterfall plot, where DAC Express required post run reduction via Matlab.  
The Matlab “sdfgage6” output was in the form of a two-dimensional plot.  One strain 
gauge , and one engine order could be selected, displayed and printed. 
One feature of ECE, which complicated the measurement of unsteady strain, is 
that large unsteady voltages are generated in the gauges because of “electro-magnetic 
induction” (EMI), the very same effect that is being used to generate eddy-currents in the 
rotor blades.  The EMI can be (optionally) removed in “sdfgage6” using a linear curve fit 
to the engine order content on either side of the structural resonance.  There was no 
feature within SC620 to remove EMI, and hence it appeared in the waterfall displays as 
large ridges at the engine order corresponding to the number of magnets present, and 
smaller ridges at the higher harmonics. 
Consequently, for the runs where 22 magnets were used there were two nearly 
constant engine order ridges at 22 and 44 engine order.  For the runs where only 8 
magnets were used, there were constant EO ridges at 8, 16 and 24 EO.  The 44 engine 
order exists as the first harmonic of the primary 22EO ridge.  Likewise 16 EO and 24 EO 
are harmonics of the primary 8 EO ridge.  For a given engine order, structural resonance 
should correspond to the intersection of the engine order ridge and a diagonal ridge which 
is at constant frequency.  The structural resonance can then be seen by selecting the 
appropriate EO line to display in a linear plot vs. RPM.   In the following sections, 
specific aspects of the results obtained in the first nine runs are presented and discussed. 
 
A.  VARIATION OF MAGNET GAP  
From the experiments displayed in Table 1, several parameters can be evaluated 
and conclusions drawn from the effects their variation.    Changes in the magnet distance 
from the blades had a large impact on both EMI amplitude and resonance amplitude.   
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 Figure 13 Run 212 Scan 2, 1.0 Inch Magnet Gap (SC620) 
 
Figure 13, Figure 14, and Figure 15 show SC620 waterfall plots for varying 
magnet gap for strain gauge 4, targeting the 3544 HZ natural mode at 4833 RPM and 44 
engine order.  Figure 16, Figure 17, and Figure 18 show SC620 waterfall plots for 
varying magnet gap for strain gauge 11, targeting the 856 HZ natural mode at 6420 RPM 
and 16 engine order.   
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Figure 18 Run 218 Scan 1,  .55 Inch Magnet Gap (SC620) 
 
As can be seen from the Run 212 and Run 213 plots, EMI levels increased by 
approximately 10 micro-strain for every ¼ inch reduction in magnet gap.  Resonance 
magnitude (above the RMS of the EMI) increased from about 20 micro-strain at 1 inch 
gap to 55 micro-strain at 0.5 inch; however, the value of 0.75 inch gap was only 6 micro-
strain.  This anomaly could be caused by a difference in sweep rate.  It is noted that the 
amplitudes at resonance were very small.  The Run 218 plots were more consistent.  Both 
EMI levels and resonance magnitude increased as the magnet gap decreased.  The 
primary difference between the two runs was the magnet configuration and the targeted 
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frequency.  (This will be expanded upon in the ‘Order Comparison’ section).  The 
resonant magnitude can be a function of more than magnet gap, but the EMI is a direct 
measurement of gap variation.  Figure 19 and Figure 20 show the resonant magnitude 
variation with magnet gap for runs 212, 213 and 218.  Figure 21 and Figure 22 show the 
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Resonant RPM values were also changed as the magnets were brought closer to 
the blades.  Resonance occurred at progressively lower RPM values with progressively 
smaller magnet gaps; however this only occurred with the higher frequency modes.  Run 
218, which targeted the 856 Hz mode, did not show movement in the resonant RPM as 
magnet gap was varied. Since force variations would theoretically only result in 
amplitude variations at resonance, another factor must be involved.  The other parameter 
that changes with magnet gap is temperature, which is addressed in the following section.  
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Run 218 Resonant RPM (Signal Calc)
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B. TEMPERATURE AND GEOMETRIC CONSIDERATIONS 
 Temperature was a major concern in the conduct of the spin pit tests.  
Temperature was monitored to avoid both blade tip strength deterioration as well as to 
prevent strain gauge and RTD damage.  The maximum temperature allowable for the 
RTDs was 500 deg F.  As a margin of safety, 400 deg F was chosen as the maximum 
operating temperature.  Figure 25 shows a graph of the temperature of RTDs two and five 
for the Run 218.1, which was the ½ inch magnet gap setting and sweep throughrun in the 
6000 RPM range for 8 engine order resonance.  These RTDs were consistently the hottest 
pair for this magnet configuration, being within the magnetic field on blades 8 and 14 
respectively.    
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Figure 25 Temperature History for Run 218.1 
After each sweep it was noticed that the steady state temperature (reached 
5-10 minutes later) had progressively increased.  The steady state temperature was 
an indication of the overall heat left in the blade, rather than the localized 
transient high temperature during the sweep.  This progressive increase had the 
effect of changing the structural response and the RPM where resonance occurred.  
Since the modal frequencies are dependent on both temperature and geometry, the 
heating had a greater affect on the higher frequency modes, where blade mode 
shapes change more radically with respect to their original shape.  Figure 26 
shows a chart of resonant RPM change as the start temperature increased.  
Resonant RPM at the higher frequency mode of 3544 HZ decreased as the start 
temperature increased, while the 856 HZ mode showed no change.  The 856HZ 
mode is 1st torsion and is not as geometrically complex as that for 3544 HZ.  The 
slight exception is the 92 deg F, 3544 HZ result.  Although starting hotter than the 
90 deg F sweep, it still showed a higher resonance point.  This is because the peak 
temperature only reached 199 deg F vice 352 F for the next sweep.  The effect is 
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Figure 26 Temperature and Geometric Effects on Resonance RPM 
 
C. MAGNITUDE VARIATION WITH SWEEP RATE 
 To achieve the goal of 60,000 psi peak-to-peak unsteady stress in a rotating blade 
titanium blade, an amplitude of approximately 4000 micro-strain would be required, 






σε µ= = =  
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The resonance magnitudes obtained using current sweep rates have been 1 to 2 orders of 
magnitude below this level.  In a poorly damped single degree of freedom vibration 
system, magnitudes will approach extreme levels if the rotor speed is maintained at 
resonance [Ref. 9].  For this reason, slower sweeps were attempted on the 37.5 inch rotor.  
Figure 27 shows a standard fast sweep waterfall targeting the 3800 HZ frequency, with a 
.80 inch magnet gap and Figure 28 shows a slower sweep targeting the same mode.  The 
range for the slow sweep was reduced to reduce tip heating.    The results show that 
resonance occurred at the same RPM for both runs, starting at 5212 RPM and peaking at 
5232 RPM.  The slower sweep displayed a greater magnitude of resonance.  After noting 
the difference between the peak resonance and the average EMI level, the fast sweep 
showed an approximate resonance of 40 micro-strain while the slower sweep produced 
50 micro-strain.  This 10 micro-strain difference illustrates the benefit of slow sweep 
rates, but falls orders short of the magnitudes required for HCF testing. 
 

















D. ORDER COMPARISON 
 The greatest effect on both EMI and resonance magnitude was obtained from the 
variation of the engine order.  The engine order was changed by varying the number of 
magnets installed around the rotor perimeter.  Only two configurations were implemented 
in the tests reported: 22 magnet pairs and 8 magnet pairs.  The EMI magnitude was 
greatest at the lowest engine order.  Figure 17 shows the 8 engine order fundemental as 
well as the harmonics for 16 EO and 24 EO.   Figure 29 shows Run 212.6 which had the 
same RPM and magnet gap as 218.2.  The only difference was the 22 EO setup in 212.6 
vice 8 EO in 218.2   
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Figure 30 EMI Variation with Engine Order 
 
In the 22 EO case, the fundamental of the EMI waveform was much greater in magnitude 
than the higher harmonics.  Since the width of the magnet pairs and the spacing in the 22 
EO configuration were similar, the EMI signal more closely approximated a pure sine 
wave.  A pure sine wave has no harmonic components, and thus the high frequency 
harmonics in the 22 EO case were smaller in magnitude than those of 8 EO, for which the 
spaces between pairs were much longer than the width of the magnet pairs.  Results are 
shown in Figure 30.  Because they were small, resonances were difficult to observe at the 
imposed engine order due to large EMI.  The best responses were found at 44 EO or 16 
EO, the first harmonic.  The only notable exception was when the 1st torsion (856 HZ) 
mode was excited at 22 EO, at 2400 RPM.  This is shown in Figure 31 for channel 10.   
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 Figure 31 Run 216.1, 856 HZ Target at 22 Engine Order 
 
 E. COMPARISON WITH TAP TEST FREQUENCIES  
Resonance measurements for three modes were compared to the tap test and bow 
test results given in Appendices B and C.  In the tap test these modes were at 1704 HZ, 
2400HZ, 3338HZ and 3822 HZ respectively.  Using the tap test as the reference, Figure 
32, Figure 33, and Figure 34 show the normalized relationships with the bow test as well 
as the spin pit tests.  All resonances were within 4% of the tap test data.  The 3338 HZ 
resonance shown in Figure 34 illustrate the heating and geometric deformation effects 
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F. SOFTWARE EVALUATION 
 
Comparison of the Data Physics Signal Calc 620 strain gauge measurements with 
those taken by the Hewlett Packard DAC Express package yielded interesting results.  
DAC Express never gave a magnitude of resonance larger than 40 micro-strain, and 
measurements were generally in the 5-20 micro-strain range.  SC620 also yielded small 
magnitudes in most cases; however, there were isolated instances of relatively large 
magnitudes.  Figure 35 shows the SC620 plot for the 3334 Hz target at 44 EO with a ½ 
inch magnet gap for strain gauge 11.   
Figure 35 Run 212.4, 3334 Hz Target at 44 EO 
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The response shows an amplitude of 339 micro-strain.  The progressive decline shape of 
the peaks suggest a logarithmic decay, which would result from single degree of freedom 
behavior.  Since a one-piece blisk such as the test rotor normally exhibits resonance cross 
coupling, a single degree of freedom response would not be expected.  Although the 
magnitude of the resonance was large compared to most of the test data, it was still 
significantly smaller than the goal of 4000 micro-strain.  The low magnitude when 
compared to EMI noise may obscure the detection of coupling behavior.  The calculated 
frequency range of the resonance was found to be 3307Hz-3300Hz.  This agreed with the 
tap test result to within 0.81%.  To verify these results, a run was performed with the 
DAC Express software under identical conditions.  The result for the same strain gauge is 
shown in Figure 36.  




It can be seen that the DAC Express run also produced a resonance in the same 
frequency range, 3336Hz-3329Hz.  The departure from the tap test reference in this case 
was only 0.07%.  Clearly both sweeps were showing the same resonance.  The magnitude 
obtained in the DAC Express run, however, was much lower than in the SC620 run.  The 
amplitude of resonance, above EMI, was only 10 micro-strain.  Similar differences were 
found in a significant number of data sets.  In most cases the resonance frequencies 
agreed, but the DAC Express magnitude was lower in most instances than the SC620 
results.  It must also be noted, however, that the majority of the SC620 tests also returned 
low amplitudes at resonance.  Also, since only one software package could be used at a 
time, the data from different sweeps.  No study of data repeatability was conducted since 
the magnitudes were so low.   
Figure 37 and Figure 38 show the SC620 and DAC runs respectively for the 8 
magnet pair test targeting 1704 Hz at 16EO.  The SC620 screen shows a resonance 
beginning at 1714 Hz and ending at 1706 Hz.  This agrees with the Tap Test within 
0.23%.  The magnitude was also large, with a resonance over EMI of 186 micro-strain.  
































Figure 38 Run 217.1, Targeting 1704 Hz at 16 EO 
 
Despite the close agreement of resonant frequencies with the tap test results, the 
SC620 waterfall plots contained aspects that were difficult to interpret.  Each resonance 
peak on a constant engine order line usually corresponded with the intersection of a 
diagonal ridge.  It is conceivable that with low damping, a vibration would continue to 
ring after the resonance RPM was passed.  Such an excitation would appear as a constant 
frequency diagonal ridge on a three dimensional waterfall plot.  The SC620 ridges, 
however, were found to be not at constant frequency.  It has been established that blade 
temperature and geometry can affect resonance frequency, but this would not cause a 
change of the magnitude found in the plots.  Furthermore, the ridges begin well before 
the resonance RPM is reached and appear to reflect off of the walls of the chart!  DAC 
Express data were examined to determine if these peaks existed there as well.  No 
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resonances were found on the engine order lines immediately before and after the 
primary EO line.   
Although most SC620 resonances corresponded to the ridge intersections, there 
were a few that exhibited a more conventional response. Figure 39 shows the 2400Hz 
mode targeted at 44 EO with a ¾ inch magnet gap.   
Figure 39 Run 213.3, Target 2400Hz at 44 EO 
 
The resonance in this case, although small, is more spread out along the constant 
44 EO line.   A close examination of the surrounding area shows a slight diagonal ridge at 
a close angle to the 44 EO line.  The smaller angle and short life of the diagonal ridge is 
more consistent with constant frequency damping.  Figure 40 shows the equivalent DAC 
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Express run.  The response in this case is almost identical to the SC620 run.  The peaks 
are within three micro-strain of each other and their patterns are nearly the same.   
Figure 40 Run 213.4, Target 2400 Hz at 44 EO 
 
It can be concluded that both software packages have the capability of recording 
resonance, as seen by clear EMI ridges and the close agreement with the tap test.  
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VI. CONCLUSIONS AND RECOMMENDATIONS 
 The initial testing program  showed that the lack of thermal conductivity in 
titanium caused heat produced by eddy current excitation at small magnetic gaps and 
high RPM, to remain locally within the blade.  It was concluded that, for thin titanium 
blade sections, it was necessary to monitor the temperatures of the metal that moves 
through the magnetic field.  The introduction of RTDs, and the fast response infrared 
probe at the blade leading edges tips, allowed temperatures to be monitored and kept 
below dangerous levels.  As a result, the rotor was successfully retested, and significant 
amounts of data were gathered.  The following was concluded on the basis of the first 
nine runs.  
Variation of the magnet gap had a significant effect on both resonance magnitude 
and resonance frequency.  Half-inch gaps produced an increase in magnitude averaging 
30% over ¾ inch gaps.  The effect of magnet gap on resonance frequency was caused by 
the associated increase in blade temperature.  It was also found that, since natural 
frequency was also a function of blade geometry, higher frequency modes were more 
susceptible to heating effects, as they possessed more complex mode shapes. 
 Sweep rate also affected magnitude.  Slower sweeps allowed more time for the 
magnetic flux to be absorbed into the blade material.  The resulting resonance magnitude 
averaged 20% higher during the slow sweeps.  RPM control (in the tests reported) was 
not able to produce a sufficiently slow sweep to achieve a better resonance level.   
    The EMI waveforms given by different numbers of magnets suggested 
differences in forcing functions produced.  It was found that the magnitude of the 
secondary harmonics of each engine order spectrum was dependent on the number of 
installed magnets.  Twenty two EO created a very small 44EO excitation because the 
fundamental signal closely approximated a pure sine wave.  The 8 EO configuration 
produced larger harmonics since the excitation signal was more pulse-like.    
 DAC Express results and Signal Calc 620 results agreed in only about 50% of the 
sweeps that were taken.  Since data sets could not be gathered concurrently, some 
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difference can be explained by differing run conditions.  However, questions remained 
about crossing ridges that occurred on the Signal Calc waterfall plots.  Resonances 
appeared along the constant order ridges at points where diagonal ridges crossed.  These 
peaks corresponded to the tap test resonances within a 4% error; however the crossing 
ridges were not at a constant frequency.  The problem was referred to the software 
company.  
 Lastly, the magnitudes of the resonances produced in the nine tests runs were 
unexpectedly small.  Very clear (and loud) resonances could be produced by bowing, 
because the structure was highly undamped.  Also the same ECE techniques had been 
applied to three previous rotors (one of titanium) with greater success.  However, the 
present rotor had very thin blade sections compared to the previous titanium rotor, and 
may not have been of the same alloy.  It is recommended that experiments continue with 
changes in magnet arrangement and positioning and targeting different modes, to increase 
resonant amplitudes.  Effort should also be put into providing very slow sweeps that 
dwell on resonance.  If it is not possible to increase magnitudes, ECE should be 
discontinued (in favor of oil-jet excitation) for this type of rotor.  
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  APPENDIX A: VIBRATION THEORY 
A vibration is defined as an oscillatory motion of a free or fixed body.  All objects 
possessing both mass and elasticity are capable of vibration.  There are two types of 
vibration: free and forced [Ref 10].  A free vibration occurs with no external forces acting 
on the body and is completely dependent on the mass and stiffness of the object.  Free 
vibrations occur at one of its natural frequencies, which are also dependent on the mass 
and stiffness.  Forced vibrations are the result of an external force applied to the object.  
If the external force creates a vibration with a frequency that coincides with its natural 
frequency, resonance will occur.  During a condition of resonance, if poorly damped, the 
vibration can continue to grow to infinite proportions.  In practice, the body will be 
destroyed shortly after resonance occurs.  Damping is a property of the system.  All 
vibrating systems contain damping to greater or lesser degrees.  Controlling damping can 
be an effective way to tailor a system to preexisting requirements.  
The number of independent variables required to describe a system corresponds to 
the number of degrees of freedom (DOF).  Single degree of freedom systems are the 
simplest and easiest to evaluate.  They are described by the following equation of motion 
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where Xo and phi represent the amplitude and phase of the system respectively.  
Figure 41 and Figure 42 below show that as the forcing frequency reaches the natural 
frequency, the undamped ( 0ζ = amplitude approaches infinity and the phase angle 
approaches 90 degrees. 
 
Figure 41 Single DOF Frequency Response 
 
 
Figure 42 Single DOF Phase Response 
 
A. LOGARITHMIC DECREMENT 
It has been found that single DOF systems decay in the same exponential manner.  
The only variable is the damping ratio.  The logarithmic decrement of such as system is 
defined as the natural logarithm of the ratio of any two successive amplitudes (See Figure 
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Figure 43 Exponential Decay 
 
B.  MULTI-DEGREE OF FREEDOM SYSTEMS 
If a system has more than one independent variable, it is considered to be a multi-
DOF system. A system with ‘N’ variables requires ‘N’ equations to describe it.  Such a 
system also has ‘N’ natural frequencies.  The matrix formed by these equations can be 








Multi-DOF systems are more difficult to analyze experimentally [Ref 11].   
 
C. BEATING 
If two vibration components are quite close together in frequency and if they are 
present at the same time at the same place, they will combine in such a way that their sum 
will vary in level up and down at a rate equal to the difference in frequency between the 
two components. This phenomenon is known as beating (See Figure 44), and its 
frequency is the beat frequency.  Beating occurs with regularity in the spin pit, as the 




Figure 44 Beating Phenomenon 
 
D. ORDER ANALYSIS 
Order analysis is a method of evaluating resonance based on multiples of the 
cyclic frequency of a rotating system.  The natural frequencies of a vibrating rotational 
system will resonate at a frequency which is a multiple of the RPM when stated in cycles 
per second [Ref. 12].  The magnitude of the multiple is defined as the level of order.  The 
Campbell diagram shown in Figure 45 for the test rotor is the best method of illustrating 
this concept.  Rotating machinery that is excited ‘n’ number of times per revolution will 
induce a vibration frequency which oscillates at a rate ‘n’ times the rotational frequency.  
Order analysis is useful in engineering design to isolate the RPM values which 
correspond to resonance for a given forcing function.  Resonance will occur at that RPM 
and EO where that EO line on the Campbell diagram crosses the frequency line for a 




















































Figure 45 Campbell Diagram for Test Rotor 
54
APPENDIX B: BLADE EXCITATION 
 
Blade excitation was produced by the magnetic force generated by the magnets 
mounted on a ring below the rotor.  As the blades pass through each magnetic field, the 
moving flux lines generate an unsteady forcing function, which causes the blades to 
oscillate.   The strength of the field depends on both the magnet location and the 
rotational speed of the rotor. Figure 46 shows magnetic flux as it is absorbed into the 
blade material. 
 
Figure 46 Magnetic Flux Lines Absorbed by Passing Blade [Ref 7] 
 
The magnets can be raised or lowered to the desired level of magnet gap.  Smaller 
magnet gaps produce stronger forces, but not necessarily greater excitation.  The 
fundamental frequency of the unsteady magnetic force is the primary driver of blade 
excitation.  It is for this reason that a weaker force may produce more excitation than a 
strong force if the lowest harmonic is greater than that of the stronger force [REF. 7].  













Figure 47 Excitation of Weak Magnetic Force vs. Strong Force [Ref 7] 
 
Clearly, a weak magnetic force will produce a strong excitation only within a 
specific range of gap values.  There is a point where the force has weakened to such an 
extent the fundamental harmonic no longer provides strong excitation.  
Rotor speed is also a critical factor in the determination of excitation force.  For a 
blade traveling at slow RPM, the magnetic field will cause drag on the blade both during 
the approach to the magnet and after it passes as well.  Higher speed blades will be 
slowed on the approach, however, they will be accelerated after the magnet is passed 
[Ref. 8].  These forces are equal and opposite and will cancel each other out.  
Determination of which of these effects will manifest is found by evaluating the magnetic 























For the 37.5 inch test rotor, the Rm values were found to be consistently less than 1, and 
thus indicates relative slow rotation.  Therefore, excitation forces should increase as gap 
is reduced. 
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APPENDIX C: TAP TEST 
A. OVERVIEW 
As stated in Appendix A, a structure in the process of vibration defines a unique 
mode shape, which corresponds to one of its natural frequencies. The zero deflection 
points and the peak deflection points (also known as nodes and anti-nodes) of the 
oscillating deformation are of particular interest.  A periodic force applied at these points 
can either increase the resonance if applied in phase at the anti-node or have no effect if 
applied at a node.  See Figure 48.   
 
Figure 48 Nodes and Anti-Nodes 
A determination of the location of these anti-nodes was needed to determine the 
optimum locations to position the magnets which were used to provide blade excitation.  
Points of largest curvature in the deformed shape were required in order to position strain 
gauges.  A tap test was performed to determine experimentally the values of the natural 
frequencies and the deflection amplitude distribution across the blade for each mode.  
  
B. EXPERIMENTAL SETUP 
The tap test was performed Tim Mixon of Hood Technologies Corporation.  A 
stationary optical displacement sensor was located beneath the blade and a hammer with 
an embedded accelerometer was used to ‘tap’ the blade at 204 specific locations on the 
top.  The optical displacement sensor is shown Figure 49 and the hammer/accelerometer 
is shown in Figure 50. 
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The frequency response of each blade point was then recorded by a DSP 
Technologies SigLab frequency analyzer.  The analyzer recorded data in the time domain 
and after performing an FFT, converted it to the frequency domain.  Included in the 
conversion was the calculation of the transfer function of each point in terms its real and 
imaginary components as shown in Table 3. The frequency range vs. the magnitude of 
the response is shown in Figure 51. 
Point 1 Point 2 Point 3
Freq 1 -3.752+0.000i 3.485+0.000i -3.938+0.000i
Freq 2 -3.066-2.163i 1.012+3.335i -3.872-0.718i
Freq 3 17.155-15.772i -4.957+4.135i -0.205-20.872i
Freq 4 -13.137+4.936i -2.016+13.956i -8.925+14.081i
Freq 5 0.509+10.691i 6.201+21.368i 6.371+10.978i
Freq 6 8.703+13.740i 5.754+13.336i 7.314+8.984i
 
Table 2 Complex Frequency Variation 
 
The peaks of this response represent the natural frequencies of the blade.  The 
mode shapes were then calculated for each frequency as a function of time.  This was 
accomplished by determining the magnitude and phase of the transfer function and 
subsequently employing the following formula to determine the magnitude of the vertical 
deflection (Z component).   
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Figure 51 FFT Natural Frequencies  
The Z components were then combined with the X and Y components of the tap 
points to determine the three dimensional location.  They were then normalized to plot a 
map of the mode shape for each frequency.  Figure 52, Figure 53, and Figure 54 show 
mode shape plots for raw data, and two views of normalized data respectively for the 
3800 Hz natural frequency. 
Figure 52 3800 Hz Mode Shape with Raw Data  










Figure 53 View 1: 3800 Hz Mode Shape with Normalized Data 
  




Figure 54 View 2: 3800 Hz Mode Shape with Normalized Data 
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Figure 55 Contour Plot of 3800 Hz Natural Frequency 
(Not to scale) 
 
As stated above, the nodes and anti-nodes represent points, which produce 
minimum and maximum response respectively, to an applied force.  Figure 55 shows a 
contour plot of deflections for the 3800 Hz frequency.  The anti-nodes are represented by 
both the darkest blue and the darkest red areas.  The red signifies positive maximum 
deflection while the dark blue represents negative maximum deflection.  The blue-green 





Once the deflections were mapped for each frequency, the curvatures were 
calculated.  Using standard structural beam and plate theory, curvature is shown to be 
directly proportional to the strain [Ref. 13].  The following equation relates the moment 
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v Curvature
M Moment










Figure 56 Curvature: Radial Direction (Not to scale) 
 
Figure 56, Figure 57, and Figure 58 show plots of curvature in the radial 
direction, cordwise direction, and the maximum overall curvature respectively for the 
3800 Hz frequency mode.  Figure 59 shows a two dimensional display of curvature 
direction and their magnitudes. Points corresponding to high curvature will likewise 
contain the highest strain.  Strain gauge locations were selected to be near the maximum 
curvature locations for both the 3800 Hz mode and the 2400 Hz mode, both targeted 
frequencies.  The maximum curvatures for these modes were determined to be at the 




Figure 57 Curvature: Chord-wise Direction (Not to Scale) 
 
Figure 58 Maximum Curvature (Not to Scale) 
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Magnitude and Direction of Curvature Vectors
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APPENDIX D: BOWING EXCITATION OF NATURAL 
FREQUENCIES 
A. EXPERIMENTAL SETUP 
 
A bowing test was conducted on 26 April, 02 in which a standard violin bow was 
used to excite the natural frequencies of each of the 20 blades.  The frequencies were 
audible as the bow was drawn across each selected blade edge point.  The sound was 
amplified using a standard Sony portable stereo, as shown in Figure 60. 
         
 
 
Figure 60 Setup Bow Test 
                            
 
 
Figure 61 Bow Frequency Excitation 
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The amplified sound was then sent to an Agilent Infinium Oscilloscope, Figure 62. 
 
 
Figure 62 Agilent Infinium Oscilloscope 
 
Data were taken using points on each blade.  Figure 63 shows a schematic of the 
blade, and each labeled point corresponds to a location that was excited using the violin 
bow.  Additional samples at two different points (2A and 3A) were also taken on four 
blades to evaluate bow location accuracy.    
 





The amplified signals were fed into the oscilloscope and an FFT was performed 
which allowed the data to be recorded and displayed based on frequency content.  A 
sample oscilloscope frequency response for blade 8 at point 1 is shown in Figure 64. 
 
Figure 64 Oscilloscope Output for Blade 8, Point 1 
 
The bowing test determined the natural frequencies of all 20 blades at 4 different 
points on each blade.  This test was similar to a bow test performed earlier on the original 
rotor configuration prior to the rotor tip modifications.  The first test will be referred to as 
Bow Test 1 (BT1).  The 26 April test on the reconfigured rotor will be referred to as Bow 
Test 2 (BT2).  The data for both tests were compared to the Tap Test performed by Tim 
Mixon of Hood Technologies on 24 April, 2002 described in Appendix B.  The following 
observations were made. 
- The 1st bending frequency taken at the midpoint was unchanged from BT1 
to BT2.   
- The 1200 Hz frequency found consistently in BT1 at both the LE and TE 
was not detected in BT2, nor in the tap test. 
- The 2500 Hz frequency in BT1 was found in both the LE and TE, 
however it was found more often in the LE.  In BT2 it was not found in the TE, but was 
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found in the LE and on the cut edge (pt 3).  It was not found as frequently as in BT1.  The 
tap test showed peaks at both the 2388 and 2394 frequencies.  BT2 excitation was seen at 
both points 3 and 4, although usually not on the same blade.   
- The 3800 Hz frequency was found often in BT1 at the LE and TE.  In BT2 
it was found at the mid section of the tip (pt 2) between the midpoint and the beginning of 
the cut.  This frequency was not strong here.  It did not have a large amplitude.  Better 
results were achieved by bowing at pt 3A, on the outboard tip of the cut edge.  The 
amplitude was much higher and response consistent.  This location also corresponded to 
an anti-node as determined by the tap test.  In this location, an applied force would likely 
achieve the greatest resonance. 
- The low frequency 854 Hz detected by the tap test was detected at all 
locations on the blades in BT2, but most often at point 4, which corresponded to where 
the tap test gave high deflection amplitudes. 
- Some frequencies that have emerged as strong and consistent but were not 
seen in BT1 nor in the tap test are as follows.  2782 Hz was very consistent on the TE (Pt 
1).  1900 Hz was also strong at Pt 2.  Other frequencies were less consistent. 
Some frequencies have shown definite alteration from BT1 to BT2.  Several of 
the frequencies identified in the tap test did not show strong results in BT2, (which may 
be due to the location of the bow).  Also, some of the tap test results seemed to be in 
isolated parts of the blade.  Bow placement is inconclusive.  Placement on the tap test 
max deflection points yielded corresponding frequencies in some cases but not in others.  



















Blade Pt 1 Pt 2 Pt 3 Pt 4 Blade Pt 1 Pt 2 Pt 3 Pt 4
1 1400 963 963 854 11 854 963 963 854
2800 1927 1400 1709 1363 1927 1491 1709
4200 2891 3400 1945 2872 2345 2545
5582 3836 2400 3826 3545 4000
6982 5763 3327 4800
2 1400 963 963 854 3563 5763
2400 1927 1927 1709 5982 5982
3800 2891 2891 2563 6709
4800 3836 3836 3418 12 1382 963 327 327
5763 2763 1382 1382 1382
3 1400 963 1400 854 4145 1909 2436 1945
2782 1927 2782 1382 5527 2872 2763 2400
4163 2872 4163 1927 5982 3836 3582 3363
5563 3836 4891 3255 6345 5982 3818 4800
6945 5872 5563 3800 4154 5982
4109 5527
4654 5982
5654 13 1400 963 327 2400
6509 2782 1909 854 4800
7382 4182 2872 1400 7200
4 1400 963 963 854 4709 3836 2345 9600
2782 1927 1400 1709 5563 5745 3563
4182 2891 1927 2400 5982 5981 5982
5582 3855 2345 3418 6964
6982 5763 2873 14 872 963 890 872
3836 1745 1945 1745 1745
2618 2927 2400 2782
5 1400 963 1400 854 3509 3890 3563 5982
2782 1909 2800 1382 4382 4872 5982
4164 2872 3563 1927 5245 5982
5564 3836 3836 2782 5982
6945 5745 4163 3327
5963 4945 4163 15 1363 963 1363 1382
5963 2745 1909 2745 1927
Pt 1 Pt 2 Pt 3 Pt 4 4109 2872 4109 27
6 854 963 854 854 5490 3836 3290
1709 1909 2382 1709 5982 5745 4109
2564 2872 3582 263 6854 5982 5982
3418 3836 4763 3418 6709 6854
3600 5745 4272 Pt 1 Pt 2 Pt 3 Pt 4
4272 5127 16 1382 963 1382 1382
5127 5982 2763 1908 2763 2763
6836 4145 3818 3327
7 1382 963 1382 836 5527 4782 4145
2763 1909 2327 1382 5982 5745 5527
4127 2854 2782 1927 6910 5982 5982
5509 3818 3509 2763 17 1382 963 345 854
5982 4763 4872 3290 2764 1927 872 1382
5981 4127 4163 2890 1382 1727
5963 5527 3854 3454 3454
8 1382 963 1382 854 5982 4800 5200 3782
2763 1909 2764 1727 5763 5982 3982
4109 2872 4127 2582 5981
5509 3818 5527 3436 18 1382 963 854 1382
6890 4782 5982 5145 274 1908 1382 2745
5727 6036 4127 2872 2236 3236
9 1382 963 1382 836 5508 3836 2745 4127
2745 1909 2763 1673 6872 4782 4127
4109 2872 5982 3363 5745 5508
5491 3818 5982 6208 5982
4782 7645
10 1363 963 1363 327 19 1382 963 854 854
2727 1909 2727 1891 2782 1908 1382 1691
4091 2236 5454 3236 4182 2872 1700 3400
5454 2872 3782 5563 3836 2236
5982 3818 5691 6963 4782 2563
5727 5982 5745 3418
5982 5982 5982
6691
20 1400 963 1308 854
2800 1908 2363 1708
4200 2872 4745 3436
5982 6036
 
D. BOW DATA ON MODIFIED BLADES (ALTERNATE POINTS)– 26 
APRIL 02 
Pt 2 Pt 3 Pt 2 Alt Pt 3 Alt
1 963 963 327 963














































E. BOW DATA ON ORIGINAL BLADES  
Blade Pt 1 Pt2 Pt3 Blade Pt 1 Pt 2 Pt3
1 327.3 11 327.3
927 1255 1255 1291 1291
1255 2509 2582 3891
3 327.3 12 327.3





1278 1278 1291 1291 1291 1295
2567 2582
4 327.3 3873 3873
14 327.3



















8 327.3 1295 1295 1295
1260 1266 2598 2600
1245 2545 3891
3818 3818 5182
9 327.3 20 309
1255 1273 818
2527 1273 1273 1273
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APPENDIX E: RESONANCE SIMULATION 
To set up the software required for spin pit testing, a simulation was used to 
generate resonance without necessitating use of the spin pit.  This allowed the testing of 
strain gauge acquisition and reduction techniques without causing wear and tear on the 
spin pit, strain gauges and slip ring.   
To generate an oscillating strain signal a Thermo-Systems Calibrator set up to be 
a “Flow Pulse Generator” was used.  In addition, the Pulse Generator was further 
modified to model resonance at varying RPM order.  The system consisted of a rotating 
9.5 inch diameter wheel with 60 evenly spaced holes (see Figure 65), which interupted 
the steady  
Figure 65 Signal Pulse Generator 
 
flow from the calibrator.  The holes were .412 inches diameter.  Air was forced through 
the holes by the laboratory compressor feeding a plenum chamber located below the 
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wheel.  The air impinged upon a Kulite sensor facing into the jet behind the wheel to 
generate an unsteady periodic signal at 60 times the wheel rotational frequency.  The 
Kulite sensor contained a strain gauge in a full bridge configuration. The signal from the 
Kulite strain gauge was sent through the HP E1529 Signal Conditioner to the high speed 
DAS.  The speed of rotation was controlled by a voltage regulator.   Triggering 
information was sent to the 1433A and 1433B digitizers via a three-per-revolution laser 
diode pulse.   
To produce a simulation of resonance, a 30,000 RPM Dremel tool was attached 
above the 60 hole wheel and in front of the Kulite probe.  The bit of the Dremel tool was 
a brass cylinder with a 0.2-inch diameter hole (lined up directly above the holes of the 
wheel and directly below the Kulite sensor).  When two holes were lined up, the air was 
able to pass through and generate a pulse.  Triggering for the Dremel was obtained by a 
once per revolution pulse emitted and collected by a single integrated fiber optic laser 
light probe, using a white reflecting stripe painted onto the axle.  Dremel RPM was also 
controlled by a voltage regulator.  Resonance was simulated by varying the speed of the 
wheel with respect to the Dremel or by varying the speed of the Dremel with respect to 
the wheel.  Since triggering data could be collected from either the Dremel or the wheel, 
the option was available to view either as the primary control.  Order was measured as a 
multiple of the rotation RPM.  Without the secondary rotation device, the software would 
continuously measure an order of either two for the Dremel, or 20 for the wheel.  If the 
wheel was taken as the primary and varied through several RPM ranges, and Dremel was 
held constant, there was only one natural mode or equivalent resonance.  As the speed of 
the wheel was increased, the Kulite sensor detected fewer pulses per revolution.  The 
most it could detect was 20 holes per revolution.  The number of holes detected per 
second, however remained the same.  Since the rpm of the plate must go up as hole/rev 
goes down, it can be seen that the frequency of pulses must remain constant. 
 
(1000 / 60)60 * 1000 / sec
sec











   Freq   
RPM   500 RPM  1000 RPM  




Figure 66 Pulse Generator – Main Wheel as Primary  
 
This resulted in a single mode, which occurred at multiple orders as the wheel 
speed was varied.  This is shown in Figure 66. Note that the holes/sec was constant 
regardless of the use of the 3 per/rev signal, rather than a 1per/rev signal.   
If the Dremel was the primary, not only could differing orders be seen as 
described above, but differing magnitudes of equivalent natural modes (holes/sec) 
appeared as well.   The two primary orders were one and two.  Higher modes also 
appeared as multiples of the primary two orders.  These were the result of the Fourier 
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APPENDIX F: SIGNAL CALC 620 USERS MANUAL 
 
The Signal Calc 620 software from the Data Physics Corporation was used to 
perform strain gauge acquisition analysis and the following steps were followed.   
 
A. LIVE ANALYSIS 
 
Activate the Agilent VEE Software.  Open the Agilent VEE software and choose the 
file saved for the application to be performed (see Agilent VEE programming section).  
Click the Start button.  The button will go inactive.  Wait for it to reactivate (execution 
completed) and then minimize the program. 
 
Open Signal Calc 620.  Choose ‘NEW’ from the Test menu.  Select ‘Order Tracking’ 
 
Select ‘Channel’ under the View menu.  Under ‘Input’, choose the active channels by 
placing an ‘X’ in the accompanying box.  
  
Choose the Range.  Click on the number in Range Box.  Choose the value ‘10’ to insure 
the captured input data does not fall outside the range of analysis.  If this happens, it is 
known as ‘Clipping’ and will indicated by a red color in the ADC indicators.  This will be 
discussed further in the ADC section.  
  
Choose the Engineering Units.  Select ‘Engineering Unit Table’ under the View menu.  
Observe the Engineering Units that are available for the display.  If the unit is not there, it 
can be created manually by choosing ‘ADD’ from the lower selection bar.  If creating a 
new Engineering Unit, enter the metric conversion as well as the component units 
(weight, time, etc).  Close the EU Table window and return to the ‘Channels’  window.  
Click the box under ‘EU’ corresponding to the appropriate channel.  Choose the desired 
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engineering unit.  The mV/EU column is simply the linear relationship between the 
system voltage and the desired engineering unit.  Fill in the appropriate number. 
For strain gauge analysis, the chosen engineering unit was Strain.  This was 
created as a new unit on the Engineering Unit Table.  Strain was entered as unitless with 
a factor of ‘1’ for the metric conversion.  The mV/EU factor was derived from the 
following relationships for full, half, and quarter bridges [Ref. 5], where ‘k’ is the gauge 


























When using the Kulite sensor, a full bridge was implemented.  When using axial 
strain gauges or rosette strain gauges, a quarter bridge was used.  The strain gauge 
sensitivity factor ‘k’ and the amplitude gain are constants and functions of the strain 
manufacturer and the HP signal processor unit HP E1529A respectively.  For the Kulite 
sensor the sensitivity was 2.05 and the HP E1529A amplitude gain was 32.  The axial and 
rosette strain gauges used in the spin pit had sensitivities of 2.07 and 2.05 respectively.  
The input voltage was set at 5 volts, which was the limit allowed for the Kulite strain 
gauge.  The sensitivity mV/EU was then calculated as 328,000 mV/Strain.  The quarter 
bridge mV/EU values for the spin pit were 57.96 and 57.4 for the axial and rosette strain 
gauges, respectively when the bridge voltage was set to 3.5 volts. 
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Set the Tachometer inputs.  Choose ‘Tachometer’ from the top of the ‘Channels’ 
window.  Select ‘Measurements’ from the bottom of the same window.  Select the 
appropriate channel that is to be used for both pacing and triggering information.  These 
channels are numbered 1-4 and are not the same input channels found under the ‘Input’ 
tab.  The 1 per rev signal should be connected directly to the HP E1433A or Agilent 
E1433B tachometer inputs and not to the signal conditioning inputs of the HP E1529A.  
Only channels 2 and 4 of the E1529A will accept tachometer inputs.  Once the 
measurement information is complete, choose the ‘Trigger’ tab at the bottom of the 
tachometer window.  Input the triggering level and choose the slope of the pulse to act as 
the triggering signal.  The triggering level should be approximately half of the overall 
voltage of the triggering pulse.  The slope will either be rising or falling.  For this 
experiment, channel 2 was chosen for both pacing and triggering.   The trigger level was 
input as 750 mV and the slope was triggered on the rising edge of the 1 per rev pulse.   
If it is desired to view the Tachometer inputs, select ‘View Tach Inputs’ from the 
bottom of the ‘Channels’ window.  It is helpful to have the lowest signal conditioner 
channel set aside for this purpose.  If no channel is set aside, the software will 
automatically take over the lowest selected channel and display the tachometer results at 
the expense of what was intended to be there. 
 
Display Graphic Windows.  There are two methods of displaying graphical screens.  
The first is to choose one of the options from the center pull-down menu on the upper 
button bar.  These selections are known as layouts.  Each layout offers a pre-determined 
set of screens that is deemed to be useful to the user for a specific situation.  The second 
method is to create the windows manually as follows.  Under the ‘Display’ menu, select 
‘New Graph’.  A list of choices will appear.  To select a graph, click on the type of graph.  
A list of channels will appear under the selection.  Double click on the choice of channel.  
Clicking on more than one channel will put each channel on the same graph.  The 
relevant windows for order analysis are as follows: 
 
- Xx Last Time History – Plots EU vs. Time 
 
81
- Sx Last Linear Spectrum – Plots EU vs. Frequency 
 
- SRx Last Order Linear Spectrum – Plots EU vs. Order based on data for 
present frame (no averaging) 
 
- SRxx Last Order Auto Power Spectrum – Plots EU vs. Order based on data 
for present frame, but without complex components factored into the 
response. 
 
- GRx – Average Order Linear Spectrum – Plots EU vs. Order based on data 
of the average of all frames per record. 
 
- GRxx – Average Order Auto Power Spectrum - plots EU vs. Order based on 
data of the average of all frames per record, but without complex 
components factored into the response. 
 
- RPMx – Plots RPM vs. Time  
 
- Waterfall Signals – Three dimensional plot of EU vs. Order varied through a 
range of RPM.  Waterfall channel selections are not automatically 
available under the ‘New Graph’ window.  They must be placed there 
by first selecting ‘Signal Map’ under the ‘View’ menu.  Click on one of 
the order analysis graphs and choose a channel.  Drag and drop the channel 
down to the Waterfall Signal selection.  Now return to the ‘New Graph’ 
window and select the channel as described for the other graphs. 
 
Set the Control Screens.  The primary control screens are selected using the button tab 
on the right side of the main screen.  The screens of interest are the ‘Measurement 
Parameters’, ‘Sampling Parameters’, ‘ADC Indicator’, and the ‘Waterfall/RPM 























Figure 68 Signal Calc 620 Control Screens 
 
To understand how the control screens are set, it is necessary to understand the 
sampling methods of the software.  Each set of samples comprises sets of frames and 
records.  A frame is a time domain capture window that contains block size samples of 
input signals.   A block is the (binary) number of time samples acquired in each frame or 
capture window selectable from 64 to 4096.  A Record is comprised of frames and is 
used exclusively with the Waterfall plot.  Each line on a Waterfall plot consists of a 
single Record.  The number of frames per record depends on which RPM Mode has been 
selected on the RPM control screen.   
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Waterfall/RPM Parameters.  The Waterfall/RPM control screen allows the user to 
choose between RPM modes.  If RPM Sweep or Stepped is chosen, the number of frames 
is equal to the number of records and is calculated by dividing the RPM range by the step 
value.  If RPM Steady is chosen, then the option is made available on the Measurement 
Parameters screen to fill in the ‘Avgs’ box.  This value sets the number of frames per 
record.  In this case the method of averaging of the frames must also be chosen.  See 
Measurement Parameters.   
 
The RPM range must also be specified.  For an RPM sweep, the starting RPM 
will trigger data analysis and the end value will stop it.  Since there is one frame or record 
per RPM value, the amount of time spent at a given RPM will not affect the final number 
of frames.  For an RPM Steady run, however, frames will continue to accumulate as long 
as the RPM remains in the specified range.  Regardless of the number of frames, the 
number of records displayed will be equal to that specified in ‘Records’ box.  Figure 69 
shows an example of a Waterfall graphic. 
 
Figure 69 Signal Calc 620 Waterfall Display 
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Measurement Parameters.  The Measurement Parameters screen displays the current 
RPM and the Frame count during a run.  The ‘Trigger’ menu should be set to ‘Free Run’, 
which allows continuous data gathering irrespective of tachometer inputs.  This is the 
standard choice for order analysis.  On the ‘AvgType’ menu, ‘Stable’ represents standard 
averaging while ‘Exponential’ represents a weighted averaging, with the most recent 
frames receiving the greatest consideration.  The ‘Pacing’ menu allows the user to specify 
the criteria to initiate a new record.  ‘Averaging’ starts a new record after the averaging 
process is complete, while ‘Time’ bases the new record on a specified time.   For the 
pulse generator and spin pit tests, the RPM Mode was set to RPM Sweep, and averaging 
was not an issue. 
 
Sampling Parameters. The Sampling Parameters control screen is used to specify to 
ranges of data to be analyzed.  Max Order should be greater than the greatest order 
expected to be encountered.  Delta Ord reflects the resolution of the sampling process and 
works best when set at a reasonable high value such as .25.  To low a value will overload 
the calculations and may result in Clipping.  The Max Order Tab also affects the Fspan 
value.  Fspan represents the highest frequency value to be examined, i.e. the largest value 
on the horizontal axis.  
 
F Span = Max Order · RPM Max / 60 
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ADC Indicators.  The ADC Indicator screen displays the full range of zero to peak input 
voltage for each channel.  There are two sections of indicators.  The matrix and the 
voltage level indicators.  The colors green, yellow, red and black indicate optimum level, 
low level, overload, and no signal respectively.  As stated above, an overload is also 
known as ‘Clipping’.  Clipping will make analysis impossible unless ‘Auto Range’ is 
chosen instead of ‘Record’ or unless ‘Accept’ is chosen under the ‘Clipped Input Frame 
Window’, on the ‘Run Options’ menu.  The latter must be implemented to successfully 
view a recorded run. The function of Auto Range is to provide a picture of the signals if 
all channels are at the proper voltage.  Overloading can be corrected by increasing the 
voltage range with the arrows of the indicator or by increasing the ‘Range EU’ value 
under the Input tab of the ‘Channels’ window. 
Performing a Live Run.  Once all the control screens are set.  Simply select ‘Start’ from 
the Measurement Parameters window.  If performing a sweep, the run will end 
automatically at the end of the sweep. If the RPM mode is set to ‘Steady’, data will be 
collected indefinitely while inside the specified range. 
 
Saving Data.  Saved data is controlled by the ‘Run Options’ window under the ‘View’ 
menu.    Under Auto Save Options, the first box, ‘Save most recent at test end’, will do 
just that and save only the most recent Record.  The ‘Save on Stop/Record Complete’ box 
should not be checked.  This option will cause each run to create a saved file for each 
Record as it was recorded.  Only the last file contains data of relevance and it is identical 
to that created with the ‘Save most recent at test end’ option.  The former also allows 
automatic saving of records.  To view a run at a later date, select ‘Review’ under the 
‘Test’ menu.  Each test number will be listed.  Under each test number is a list of the 
Records that were saved.  Each can be viewed to observe that portion of the test.   
The ‘Run Folder Number’ menu under Run Options gives the option of 
incrementing the old file numbers or overwriting already existing files.  The ‘Clipped 
Input Frame’ gives the option of rejecting or accepting overloaded channel inputs (See 
ADC Indicators).  Ensure this option is set to ‘Accept’. 
 
Exporting Data.  Exporting Data is used to write files of a specific type of format.  For 
comparison purposes with NSMS Light Probe data, it useful to convert the data to Excel 
or Matlab format.  Open the Signal Map under the ‘View’ menu.  Right click on the 
Export Targets icon.  Choose the appropriate format.  ASCII can be used for Excel files.  
Now right click on the new ASCII or Matlab icon and set the desired parameters 
(filename, overwrite, etc).   From the ‘Allocated Signals’ list, drag and drop the desired 
signal and channel to the ASCII or Matlab icon under the ‘Export Targets’ icon.  
Exporting is activated by the same ‘Run Options’ controls described above.  After the 





B. RECORDING ANALYSIS 
To record data for future playback and analysis, open a new file as an Auto Power 
Spectrum file.  All recorded files need to be recorded in APS mode.  Order analysis can 
be performed later in an Order analysis file.  From the side button bar, choose Recorder 
Parameters.  Check the Record box.  Set the length of recording by entering a time value 
in the ‘Length’ box.  If the ‘Stop at Full’ box is checked, the recording will stop 
immediately after the specified time has elapsed.  If it is not checked, only the last 
‘Length’ seconds will be recorded.   
If the LBUS option is left unchecked, data will be routed to the PC hard drive.  
Order analysis can then be performed live as it occurs.  If LBUS is checked, the data will 
be routed to the VXI mainframe hard drive.  The LBUS option is necessary if the input 
data throughput will exceed 3.27 Mbytes/second.  This is usually unnecessary for the spin 
pit order analysis, as our range of concern is usually within the acceptable limit.  The 
formula for calculating throughput rate is as follows. 
 
Data Throughput = (Fspan * 2.56 * No. of Chs * 2) bytes 
 
If the value exceeds 3.27 Mbytes/second, the LBUS option must be used.  In the 
‘Waterfall Parameters’ control screen, the RPM Mode must be set to ‘RPM Measure’.  
This allows tachometer data to be recorded, which will be required for the subsequent 
order analysis playback.  In the ‘Measurement Parameters’ control screen, set the desired 
values.  Common settings are Avgs = 10 frames per record, Avg Type = Stable, Overlap 
= 0, Trigger = Free Run, and Pacing = Averages.  In the ‘Sampling Parameters’ control 
screen set the appropriate values.  Fspan should be great enough to encompass all desired 
resonance modes.  Ideally, Fspan should be equal to twice the value of the desired 
resonance frequency.  This is necessary to ensure an adequate sampling rate for the order 
analysis playback mode.  The Fspan in the playback mode will be locked at ½ the value 
of the recorded APS Fspan.  Too low of a recorded Fspan will result in errors during the 
order analysis.  ‘Lines’ should be set low enough to not slow down the system.  A 
common value is 100.  
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C. PLAYBACK ANALYSIS 
A recorded file can be played back and analyzed by any desired method.  To 
playback a file as an order analysis.  Open a new file as an order analysis.  Select RPM 
Sweep and set the desired RPM range in the RPM control screen and the order in the 
Sampling Parameters control screen.  The product of the upper RPM range in Hertz and 
the selected order value cannot exceed the order analysis Fspan.  As described above, this 
Fspan is equal to ½ the value of the APS recording Fspan.   Open the ‘Recorder 
Parameters’ control screen and select ‘Playback’.  Under ‘File’ choose the recorded file.  
To begin the playback, select ‘Start’ from the Measurement Parameters control screen.  
The data can viewed on any graph desired.  The playback signal can be viewed by 

















APPENDIX G: SOFTWARE STRAIN VERIFICATION 
To verify the accuracy of the strain data generated by the Signal Calc 620 
software, a simple cantilever beam experiment was performed to produce a known strain.  
A standard axial quarter bridge strain gauge was attached to the beam and processed 
through the HP E1529 signal conditioner and acquired and analyzed with the Signal Calc 
620 software.  The beam was stainless steel 304, with a 6.44 lb weight suspended at the 















Figure 70 shows axial strain gauge and Figure 71 shows the overall experimental setup.  
 




Figure 71 Strain Verification Beam 
 
Strain on the top of beam is determined by calculating the stress as a function of 
horizontal beam location, and dividing by the Young’s Modulus at the strain gauge 

















Using a handbook value of Young’s Modulus, the calculated strain was found to 
be 698 micro-strain.  The measured Signal Calc 620 strain was found to be 920 micro-
strain.  The difference was an error of 25%.  When Young’s Modulus was written in 
terms of tip deflection, however, the results were very different.  Using the measured 
deflection of .6015 inches, the calculated strain was found to be 917 micro-strains, which 
corresponds to .326% error when compared with the Signal Calc value.  The cause of this 
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may be a Young’s Modulus that is slightly different from the handbook value.  The test 
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